Generation of multimode quantum states has drawn much attention recently due to its importance for both fundamental science and the future development of quantum technologies. Here, by using a four-wave mixing process with a conical pump beam, we have experimentally observed about −3.8 dB of intensity-difference squeezing between a singleaxial probe beam and a conical conjugate beam. The multispatial-mode nature of the generated quantum-correlated beams has been shown by comparing the variation tendencies of the intensity-difference noise of the probe and conjugate beams under global attenuation and local cutting attenuation. Due to its compactness, phase-insensitive nature, and easy scalability, our scheme may find potential applications in quantum imaging, quantum information processing, and quantum metrology. Multimode quantum states play an essential role in quantum optics and quantum information not only due to their fundamental nature [1] but also for their potential applications in quantum information processing [2] . Much effort has been made during the last decade to produce such states, and the latest achievements in photonic architectures are very promising. Various schemes have been proposed for generating continuous variable (CV), multipartite-entangled or quantum-correlated states using photonic structures, and some of them have been experimentally realized in recent years. One approach pursued in this area is to use independent, singlemode, squeezed beams generated by optical parametric oscillators (OPOs), together with multiple beam splitters to generate a CV quantum network [3] . Such a network has been experimentally realized by several groups [4] [5] [6] . Recently, several groups have experimentally followed another approach with a single multimode nonlinear process using different spatial regions of a single beam [7] , multiple longitudinal [8], or temporal modes [9] .
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In 2007, Paul Lett's group experimentally generated a pair of intensity-correlated beams based on a nondegenerate four-wave mixing (FWM) process in a hot rubidium vapor [10] . This system has several advantages for practical implementations, e.g., no need of a cavity due to strong nonlinearity of the system, no need of phase locking due to its phase insensitive nature, and spatial separation of the generated nonclassical beams, among others. These advantages explain the rapidly growing popularity of such a system for the generation of multimode quantum states [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
Due to the advantages of the FWM scheme mentioned above, it is a good candidate for generating multimode quantum states of light. In 2014, our group experimentally generated three bright strongly quantum-correlated beams by cascading two FWM processes in hot 85 Rb vapors [21] . After that, we achieved multiple correlated beams using the FWM process with a spatially structured pump consisting of two individual intense beams crossing at the center of a single vapor cell [22] inspired by theoretical proposals in Refs. [23, 24] . Very recently, theoretical proposals based on FWM in hot 85 Rb were proposed to realize multipartite quantum entanglement, e.g., CV cluster state generation over a spatial comb through the FWM process in a single vapor cell [25] and versatile quantum network generation by cascading several FWM processes [26] .
In Ref. [23] the authors considered the theoretical generation of tripartite entanglement in parametric down-conversion using a pump wave consisting of two tilted plane waves. Later this scheme was generalized in Ref. [24] to N pairs of symmetrically tilted plane pump waves capable of generating multipartite entanglement between 2N 1 spatially separated optical beams. Motivated by these theoretical results and the desire to generate ultra-large-scale multimode quantum states in the spatial domain, we use in this Letter a conical pump beam for the FWM process in a single 85 Rb vapor cell instead of [22, 27, 28] . Note that a conical pump beam corresponds to a continuous limit, N → ∞, of N pairs of tilted plane waves, considered in Ref. [24] . The use of a conical-beam pump in the FMW leads to the generation of a probe localized around the optical axis and a conical conjugate beam with an angle of the cone twice as large as that of the pump beam. Classical parametric amplification with a conical-beam pump has been studied in the literature (see, for example, Ref. [29] and references therein). However, to the best of our knowledge, the quantum correlations between the axial probe beam and the conical conjugate beam in the FWM are experimentally demonstrated in this Letter for the first time. We begin our experiment with a Ti:sapphire laser, and the frequency is blue detuned by about 1.2 GHz from the D1 line (5S 1∕2 ; F 2 → 5P 1∕2 , 795 nm) of 85 Rb, which we call one-photon detuning (Δ), as shown in Fig. 1(a) . The beam from the laser is split into two beams by passing through a polarizing beam splitter (PBS), as shown in Fig. 1(b) . One of the beams is coupled into a single-mode fiber (SMF) in order to obtain a good Gaussian beam, and then sent to a metal axicon mirror with a conversion efficiency of about 75% to generate a conical pump beam. The half-angle of the obtained conical pump beam is about 8 mrad. The other beam goes through an acousto-optic modulator (AOM) in a double-pass configuration and then is coupled into a SMF to produce a good-shaped Gaussian beam. In this way, the probe beam, red-detuned by about 3.044 GHz from the pump, is derived, which is also 8 MHz detuned from the two-photon transition between the ground states of 85 Rb (hyperfine splitting of 3.036 GHz), which we call two-photon detuning (δ).
The 85 Rb vapor cell used in our experiment is 12.5 mm long, and the temperature is stabilized at around 120°C. It is pumped by a horizontally polarized conical beam (∼210 mW) with a beam waist of 330 μm and a half-angle of 10 mrad. A vertically polarized probe beam (∼40 μW) with a beam waist of 360 μm is reflected by the Glan-Laser polarizer (GL). The probe beam is injected into the vapor cell and crossed with the conical pump along the cone axis, as shown in Fig. 1(c) . Due to the FWM, the probe beam is amplified with a gain of about 2.5. Amplification of the probe beam is accompanied by generation of a conical conjugate beam with a frequency of 3.044 GHz blue-shifted from the pump. The conical conjugate beam concentrically surrounds the conical pump beam due to a phase-matching condition, as shown in Fig. 1(d) . The probe beam and the conical conjugate beam have powers of about 100 μW and 76 μW, respectively. We separate the amplified probe beam and the generated conical conjugate beam using a thin mirror (drilled mirror) with a circular aperture in its center. Then the probe beam and the conjugate beam are directed onto two ports of a balanced photodetector (BPD) with a gain of 10 4 V∕A and a quantum efficiency of 96%. The difference of the obtained photocurrents is fed to a spectrum analyzer (SA) for data collection and analysis. The SA is set to a 30 kHz resolution bandwidth (RBW) and a 300 Hz video bandwidth (VBW). In addition, we record the noise spectra of the probe beam and the conical conjugate beam in the SA.
The experimental results of quantum correlations between the probe and the conical conjugate beams are shown in Fig. 2(a) . All traces are normalized to the corresponding shot-noise limits (SNLs). The black straight line at 0 dB is taken as a reference and corresponds to the average value of the data points on the SNL (trace D). As we can see, the noise powers of the probe beam (trace A) and conjugate beam (trace B) are about 8.6 dB above the corresponding SNL, showing that they are both amplified by the FWM process. Their intensity-difference noise power (trace C) has a minimum of 3.8 dB below the corresponding SNL. This result is clear proof that we have achieved quantum correlations between a central probe beam and a conical conjugate beam. In Fig. 2(b) , we show the intensity-difference noise powers of the probe and the conjugate beams at an analysis frequency of 2 MHz versus the total light power impinging on the photodetector (trace A). We do the same for the SNL (trace B). Both curves are fitted to straight lines, with a ratio of slopes equal to 0.42, indicating that the degree of intensity-difference squeezing between the probe and conical conjugate beams is about −3.8 dB. We have also studied the influence of the system parameters such as one-photon detuning, two-photon detuning, pump power, and temperature of the vapor cell, on the degree of intensity-difference squeezing in our system. For simplicity, we change one parameter at a time and record the gain and the noise power of the intensity-difference between the probe and the conical conjugate beams at 2 MHz. First, we scan the one-photon detuning to study its impact. As shown in Fig. 3(a) , the maximum gain is achieved at 0.8 GHz, while the maximum squeezing is at 1.2 GHz, which is larger than the corresponding value for a single FWM process used to generate quantumcorrelated twin beams. As we can see, the optimal squeezing is not aligned with the maximum gain. This difference is related to an imbalance in losses between the probe and the conjugate beams. This imbalance is in part due to the fact that the probe beam is closer to resonance than the conjugate beam. As the gain increases, the noise that results from such an imbalance in losses starts to dominate and can lead to a reduction in the observed level of squeezing. Then we study the effect of twophoton detuning. As shown in Fig. 3(b) , the degree of squeezing attains its optimum value between 4 and 12 MHz. There is an asymmetry in the response of the atom in terms of the twophoton detuning as explained in Ref. [30] . Such an asymmetry is responsible for efficient FWM on the positive side of the twophoton detuning but not the negative side and, as a result, on the observed level of squeezing. Next, we investigate the dependence of squeezing on the pump power. As follows from Fig. 3(c) , the FWM gain grows almost linearly with the pump power below 230 mW. The degree of quantum correlation increases accordingly. However, above 230 mW, the gain is saturated, and the maximum degree of quantum correlations is −3.8 dB. Such saturation is probably due to other competing nonlinear processes. Finally, we vary the temperature of the vapor cell in order to see its influence. As shown in Fig. 3(d) , the gain increases monotonously with temperature, however the optimal degree of squeezing is reached at around 120°C. As the temperature increases further, squeezing starts to deteriorate because of higher-order nonlinear effects (such as selffocusing [31] ) and increasing absorption in the rubidium vapor.
So far, we have determined the optimal parameters for obtaining strong quantum correlations between the full probe and conjugate beams. However, it is more important to show the multi-spatial-mode nature of the generated quantumcorrelated beams. If the generated quantum-correlated beams are not multi-spatial-mode beams, the variation tendency of the intensity-difference noise property caused by any local attenuation will exactly follow the one caused by the global attenuation of the whole beams. Of course, for all cases, both beams should be equally attenuated. In other words, if we want to claim the multi-spatial-mode nature of the generated quantum-correlated beams, we have to find a way of localcutting attenuation causing a variation tendency of the noise property different from the one caused by global attenuation [32] . Therefore, in order to demonstrate the multi-spatialmode nature of the generated quantum-correlated beams in our present work, we measure intensity-difference noise level of the probe and conjugate beams while equally attenuating the probe and conjugate beams in several different ways, including global attenuation of the whole beams and razor blades cutting attenuation from the same direction, opposite direction, and perpendicular direction. In each case, we record the intensity-difference noise level for different transmittance, which shows the variation tendency of the noise property.
At first we use a variable beam splitter consisting of a polarizing beam splitter and a half-wave plate to globally and equally attenuate the whole probe and conjugate beams. As shown in Fig. 4 , trace A, we find that the value of the noise level is increased almost linearly to 0 as the transmittance is reduced. During the whole attenuating procedure, quantum squeezing (noise level below 0) always exists between the transmitted probe and conjugate beams.
Then we equally attenuate the probe and conjugate beams by locally cutting with razor blades from the same direction, the opposite direction, and the perpendicular direction. We find that when we equally attenuate the probe and conjugate beams from the same direction, the noise level, as shown in Fig. 4 , trace B, keeps increasing and is always higher than the one of the abovementioned global attenuation. In this case, we cut out the imperfectly correlated areas from the probe and conjugate beams and, therefore, the quantum correlation of the transmitted beams is deteriorated to some extent. However, when we equally attenuate the probe and conjugate beam from the opposite direction, the noise level increases rapidly, as shown in Fig. 4 , trace C, and the variation tendency of the noise level is quite different from both situations of global attenuation and local cutting from the same direction. Especially, when the transmittance reduces to 0.2, the intensitydifference noise level between probe and conjugate is nearly 8 dB above the SNL, which means that almost no correlation exists between the transmitted probe and conjugate beams. In this case, we cut out the nearly uncorrelated areas from the probe and conjugate beams, so that the transmitted probe and conjugate beams are also nearly uncorrelated. Then in the case of attenuating from the perpendicular direction, we find that the variation tendency of the noise property is between the above two situations, as shown in Fig. 4 , trace D. Therefore, we have experimentally shown that all three variation tendencies of the intensity-difference noise property caused by the three different local cutting attenuations are clearly different from the one caused by global attenuation of the whole beams. These differences undoubtedly ensure the multi-spatial-mode nature of the generated quantumcorrelated beams.
In conclusion, we have experimentally demonstrated a scheme for generating quantum-correlated beams in the form of a single-axial probe beam and a conical conjugate beam using the FWM process with a conical pump in a single 85 Rb vapor cell. The obtained degree of intensity-difference squeezing between the probe and the conical conjugate beams is about −3.8 dB. In addition, we have investigated the influence of the system parameters, such as one-photon detuning, twophoton detuning, pump power, and temperature of the vapor cell, on the degree of intensity-difference squeezing in our system. More importantly, we have experimentally shown the multi-spatial-mode nature of the generated quantum-correlated beams. Our scheme is scalable due to its compactness and its phase insensitive nature. Our results pave the way for further research on the multimode quantum entanglement potentially present in this system. Other potential applications of spatially multimode squeezed light, such as quantum-enhanced superresolution [33] or quantum holographic teleportation [34] , are still awaiting practical realization. We hope that our new scheme for generation of spatially multimode squeezed light with a conical pump will further boost development in this area. 
